We have found that when suprathreshold cathodal stimuli were applied to the epicardium of canine ventricle, impulse propagation originated at a "virtual cathode" with dimensions greater than those of the physical cathode. We report the two-dimensional geometry of the virtual cathode as a function of stimulus strength; the results are compared with the predictions of an anisotropic, bidomain model of cardiac conduction recently developed in our laboratories.
R eliable determination of conduction velocity in electrically excitable biological tissue requires more than simply measuring the time difference between a stimulus artifact and a single electrogram recorded at a known distance from the cathodal stimulus site. For example, in measurements on peripheral nerves suspended in air, the elapsed time between the application of a cathodal stimulus at one electrode and the appearance of a propagating action potential at another electrode several centimeters away has an easily observed dependence on the strength of the stimulus.1 For low stimulus strengths, the onset of propagating activation is delayed by the latency of an excitable membrane near threshold; hence, the elapsed time between the stimulus and the arrival of activation at a distant recording site is lengthened. In contrast, for high stimulus strengths, 1-2 cm of nerve can be directly depolarized by the stimulus pulse'; in this case, propagation begins during or soon after the stimulus, not at the stimulus electrode but instead at some distance from the electrode. The region of nerve that is depolarized rapidly by the stimulus current and from which propagation proceeds has been termed the virtual cathode. 2 Virtual cathode effects in cardiac muscle are more difficult to understand than those in nerves because the ellipsoidal configuration with their major axis aligned along local fiber orientation. Multiple bipolar electrodes on the epicardium around a cathodal stimulus site can be used to determine longitudinal and transverse conduction velocities. [9] [10] [11] [12] In this study, we used the measured velocities and backextrapolation of the trajectory of the wavefront to determine the dimensions of the virtual cathode. We could thus study the size and shape of the virtual cathode as a function of both the stimulus strength and the angle between the direction of propagation and the myocardial fiber axis. Intuitively, one might assume that the virtual cathode in cardiac tissue would assume the shape of a prolate ellipsoid, with the long axis aligned along the orientation of rapid propagation. However, our findings indicated that the virtual cathode dimensions assumed an unexpected direction dependence.
Numerical simulations with a linear, bisyncytial, anisotropic, two-dimensional, finite-element model of cardiac tissue13 have reproduced many of the geometric complexities of the biological data we now present. These calculations suggest that the effects reported here are at least in part the direct result of the differing anisotropies of the intracellular and extracellular domains, with the intracellular conductivity more anisotropic than the extracellular one. 13 Because of these differing anisotropies, existing analytical cable models for cardiac tissue14-16 may not adequately describe all aspects of the response of cardiac tissue to the injection of current, and nonlinear models may be required to understand fully the virtual cathode effects (J.P. Wikswo Jr., J.P. Barach, unpublished results, 1988 ).
Methods
The experiments described here were conducted in six mongrel dogs (weight kg). Animals were anesthetized with sodium pentobarbital (30 mg/kg), intubated, and ventilated with 02 (95%) and CO2 (5%) using a respirator (Harvard Apparatus, South Natick, Mass.). Supplemental doses of pentobarbital were given as needed during the experiment to maintain deep anesthesia. The right femoral artery was cannulated to monitor continuously mean blood pressure and to obtain blood samples. Arterial blood gases were monitored frequently, and ventilator settings were adjusted to maintain Po2>70 mm Hg and pH in the 7.35-7.45 range. A left lateral thoracotomy was performed in the fourth intercostal space, and a pericardial cradle was created.
To measure virtual cathode effects, we constructed a small planar electrode array with four pairs of bipolar electrodes equally spaced along each of four 15mm FIGURE 1. The electrode array used to record the arival time ofthe activation wavefront at different distances from the stimulus electrode. The central electrode (S) was fabricated from 250-,um titanium wire and was usedfor stimulation. The bipoles were 1.0-mm long and were made of two 250-p.m diameter silver wires separated by 0.6 mm and threaded through a thin Plexiglas disk, soldered to flexible insulated leads, sealed with epoxy, and chlorided. The bipoles are located 1.5, 3.0, 4.5, and 6.0 mm from the stimulating electrode.
perpendicular axes, as shown in Figure 1 . Bipolar electrodes were used to allow accurate arrival time determination with a minimum of data processing, and to reduce the stimulus artifact. The 0.6-mm spacing of the two electrodes was chosen to maximize the size of the signal without significant loss in spatial resolution.9 The bipoles were closely spaced so that all of the measurements could be made close to the stimulating electrode, thereby minimizing distortion of the expanding wavefront as it propagated into deep layers of myocardium whose fiber orientation differed from that at the surface. The end of a 250-,um diameter titanium wire at the center of the array served as the central, stimulating cathode. A Lucite ring, which was fabricated to support the planar electrode array yet allow it to be rotated, was first sewn to the left ventricular epicardium lateral to the left anterior descending artery. Next, the orientation of the array in the ring was adjusted until bipolar signals recorded at the most distant sites 900 from each other (e.g., sites A4 and B4 in Figure 1 ) had the maximal separation in time, thereby defining the orientation of the fastest, longitudinal propagation (00) and slowest, transverse propagation (900).
The electrode array was then fixed in place on the Lucite ring by using set screws. The outermost bipoles were 7 mm from the sutures that held the Lucite ring in place. The stimulating anode, a stain-less steel pacemaker wire, was sewn to the right ventricular epicardium. Finally, gauze moistened with saline was placed over the heart, and the edges of the thoracotomy were apposed. After data were acquired with the electrode in the 00 and 900 positions, signals were recorded from the 1800 and 2700 electrodes. The set screws were then loosened, the array was rotated 300 or 450, the set screws were retightened, and data were acquired from along each of the four new directions. This electrode array is a significant improvement over the one used in our earlier studies,12 which had fewer electrodes, had 120°(rather than 90°) angular separation, and did not have the flexibility of adjustable orientation.
To acquire data, the central electrode of the array was stimulated at a cycle length of 300 msec with current pulses of 0.5-0.7-msec duration and 0.1-15-mA strength by using a programmable stimulator and a constant-current stimulus isolation unit (Bloom Associates, Ltd., Narberth, Pa. 
Equation 3 can be solved for the virtual cathode size as a function of stimulus current
Thus the virtual cathode size in a one-dimensional, passive cable exhibits a logarithmic dependence on Is.
The situation in three-dimensional, anisotropic cardiac tissue is more complex in that the virtual cathode size, as measured radially from the stimulating electrode, will vary with angle relative to the fiber axis. We examined two approaches to the problem. First, we considered the possibility that, in any direction, Equation 5 for a linear cable could be applied, with the virtual cathode radius rv, the length constant A, and the constant f3 all depending on the angle 4 between rvc and the fiber direction. Alternatively, it has been proposed that the relation among Vm, I, and rv, in three dimensions may be better characterized Figure 3 shows data obtained from each of four longitudinal and four transverse recording sites for stimulus strengths ranging from threshold to 15 mA.
The dependence of the time interval (tsp of Figure 2) on the stimulus current is readily apparent: in the longitudinal direction, the time interval decreased rapidly as the stimulus current was increased from threshold to 1 mA and less rapidly for stimulus current greater than 1 mA; in the transverse direction, the time interval decreased more uniformly over the entire range of stimulus current values. As the stimulus was increased, the signal from the propagating wavefront merged with the stimulus artifact for recording sites close to the stimulus electrode (panels a, e, and f), indicating that the edge of the virtual cathode had extended out to that bipole. The merger of the waveforms with the stimulus artifact in panel f but not in panel b demonstrates that the virtual cathode was actually larger in the transverse direction. Figure 4 uses pairs of simultaneously recorded electrograms to demonstrate that for large stimulus currents, the virtual cathode was larger in the transverse direction than in the longitudinal one. For a 0.8-mA stimulus (panel a), the longitudinal activation wavefront reached the third bipole (4.5 mm from the stimulus, 1800) almost 6 msec before the transverse activation (2700) reached the corresponding bipole, consistent with the rapid conduction along the fiber axis. However, for a 15-mA stimulus (panel b), the slower, transverse activation reached the third bipole 1.5 msec before the longitudinal one. This reversal of arrival times suggests that the transverse propagation began closer to the third bipole than did longitudinal propagation. Figure 5 shows that electrograms recorded from sites in the longitudinal orientation occasionally became biphasic at higher stimulus strengths. As the current was increased from 2 to 10 mA, the electrograms recorded 4.5 mm from the stimulus (panel a) arrived earlier, had a decreasing amplitude, and eventually exhibited two separated peaks. The electrogram recorded 1.5 mm further away (panel b) showed similar behavior for 2 and 5 mA but was clearly biphasic for a current of 8 or 10 mA. Such changes of waveform shape as a function of stimulus strength occurred only with longitudinal propagation. As will be discussed below, this may be the direct result of the activation wavefronts having to propagate through or around a hyperpolarized region lying along the fiber axis that is beyond the virtual cathode.
A different phenomenon was often seen in the transverse direction: arrival times were not always a continuous function of stimulus strengths. For the specific example shown in Figure 6 , the arrival time in the transverse direction (90°) dropped abruptly by 5-6 msec in all four bipoles as the stimulus increased from 0.9 to 1.0 mA. Because this change was the same in all four transverse electrodes, the causal event must have occurred within the 1.5 mm between the cathodal electrode and the first bipole.
Several of the effects described in Figures 2-6 can be explained by the virtual cathode having a complex shape that depends on stimulus current. To demonstrate this, we performed a quantitative analysis of virtual cathode size and shape. Table 1 and as the solid lines in Figure 9 ; as can be seen, A varies as a function of orientation with the smallest value in the longitudinal direction and its greatest value at 450. The fits to the bidomain model are discussed below. The relative uncertainty in the value for is substantially larger than that for A. Because /3 depends on both Vth and K, no interference on any orientation dependence of these two parameters can be made from this analysis.
When the three-dimensional function in Equation 7 was fit to these data, as shown in Table 1 , the residual sums of squares were similar to the onedimensional case, so we cannot at this point definitely The angular dependence of the virtual cathode size is shown in Figure 10 for each of the six dogs studied. The virtual cathode assumed the shape of an indented oval, or "dog bone," at high stimulus currents, in that the minimum virtual cathode size occurred in the orientation exhibiting the highest conduction velocity, while the maximum occurred at approximately 450 to 600 from this axis.
Discussion
We have used a small, radial array of bipolar, epicardial electrodes to determine the time when a cardiac activation wave front arrives at up to 48 locations within a radius of 6 mm from a small, cathodal epicardial stimulating electrode. Other researchers have used measurements of time differences between multiple electrodes and a regression analysis to determine conduction velocities, but such analyses consider only the slope of the regression line and ignore the distance-or time-axis intercepts. In our studies, we interpreted a time-axis intercept as a latency between stimulation and initiation of propagation, while we treat a distance-axis intercept as the virtual cathode size. For stimuli greater than two to three times threshold, latency effects were negligible. Thus our least-squares fit of the data provided both the conduction velocity and the effective propagation distance along eight to 12 radial lines that were at different angles with respect to the fiber direction, as defined by the direction of fastest propagation. As expected from published measurements,3-8 the conduction velocity exhibited a clear dependence on the angle of propagation relative to the fiber direction. We found, as in measurements on nerves,' that when Figure 10 shows that for stimuli greater than 3 mA, the virtual cathode had the same dog-bone shape for each of the six dogs studied, with the exception of the first-quadrant data recorded from the first dog (Figure 10a) . That may reflect regional ischemia associated with the sutures holding the mounting ring. The dog-bone shape in Figure 10b is slightly skewed, possibly the result of underlying fibers not having the same orientation as those on the surface or of some other variation in fiber architecture or tissue anisotropy. At the lowest stimulus strengths, the virtual cathode often exhibited a complex shape, undoubtedly the result of activation latency discussed above. With these exceptions, the virtual cathode shape is symmetrical across the fast and slow axes.
Angular Dependence of Conduction Velocity
One test of the accuracy of our measurements is to assess how well the angular dependence of the propagation velocity agrees with theoretical predictions. The conduction velocity should exhibit an angular dependence given by2' O()=OLOT [(OL sin4f)2+(OT Cos4f)2]-1/2 (9) where 0L and 0T are the longitudinal and transverse conduction velocities, respectively. The observed angular dependence of the conduction velocity, as determined from the averaged data in Figure 9 , is illustrated in Figure 11 for three different stimulus currents. A nonlinear least-squares fit to Equation 9 was used to determine OL and 0T, and these values, given in Table 2 , were used to obtain the solid lines in the figure. The data are in excellent agreement with the theoretical prediction of Equation 9 . The value of 0T is independent of Is; there is a 25% increase in OL when the stimulus was increased from 1 to 7 mA, with the trend significant at the level ofp<0.05. The longitudinal velocity was between 2.0 and 2.5 times greater than the transverse velocity. Overall, the values of OL and 6T are consistent with values reported in the literature. [3] [4] [5] [6] [7] [8] Comparison With a Numerical, Bidomain Model While the equations describing a two-dimensional bidomain can be solved analytically for equal and reciprocal anisotropy ratios,22-24 there are no known analytical solutions to the bidomain equations for generalized anisotropies with physiologically realistic values for the conductivities. The angular dependence of the virtual cathode size has been examined theoretically by using a linear, time-dependent (passive), finite-element model of a two-dimensional, anisotropic cardiac bidomain. 13 In these calculations, a point electrode at the origin was used to inject constant current into the extracellular space, and the resulting distribution of the transmembrane potential was then computed for different values of the electrical anisotropies of the intracellular and extracellular spaces. With the assumption that propagation would be initiated at the locus of points where the Table 2. transmembrane potential exceeded a threshold value (assumed to be 20 mV above the resting transmembrane potential), the threshold (20 mV) isopotential contour predicted by this linear model should correspond to the edge of the virtual cathode. Figure 12a shows the shape of the virtual cathode for five different stimulus currents predicted by their model, computed for a 5.7: 1 anisotropy ratio (uxlry) for both the intracellular and extracellular spaces. In this equal-anisotropy case, the virtual cathode is always elliptical, with the major axis of the ellipse oriented along the direction of fastest propagation. The transmembrane potential is positive everywhere outside of the virtual cathode. Figure 12b shows the extreme case of reciprocal anisotropies, where the anisotropy ratio is 10: 1 for the intracellular space and 1: 10 for the extracellular. The virtual cathode, shown as a complete curve only for the 1-mA stimulus, is a dog bone with the long axis along the direction of slowest propagation. In addition, the model predicts that there will be a region of hyperpolarization beyond the virtual cathode centered on the longitudinal axis. Figure 12c , in which the anisotropy ratio is 10:1 for the intracellular space and 4: 1 for the extracellular space.25 The dog bone is more concave than for the reciprocal case, and the hyperpolarized region is smaller. When the stimulus current is increased, the hyperpolarized region extends both further inward and further outward. Figure One of the most important results of the theoretical analysis of the bidomain model is that the dog-bone shape does not appear if the intracellular and extracellular anisotropies are equal.13 From this, we can conclude that the dog-bone shape observed in Figure 10 arises in part from the differing anisotropies between the intracellular and extracellular spaces in the myocardium. simple cable response, it is useful to examine the fit of the model data to both the one-and threedimensional equations. Table 1 gives the values of A and /8 obtained by fitting Equation 3 to the model data in Figure 12b . Both the model and the experimental data have the largest length constant at 450 and the smallest at 0°. Adjusting the value assumed for the threshold potential in the model by +5 mV affects the model values slightly, but the trends are consistent. Table 1 shows the result of the fits of the data and the model to the three-dimensional cable equation given by Equation 7 . The same trends occur as with the one-dimensional fit.
The finite-element model can also be compared with the experimental data by using the results of Table 1 and Equation 5 to reconstruct average experimental plots. The reconstructed data from the one-dimensional fit are shown in Figures 12e and 12f . Above 2 mA, the virtual cathode is smallest at 00 for both the nominal-anisotropy bidomain model and the experimental data. For stimuli between 2 and 8 mA, the virtual cathode is larger for 60°than for 30°or 90°. Because data were recorded at 450 for only the first two dogs (Figures 10a and 10b) , the 45°rvc data in Figures 12c and 12d have a larger uncertainty. From Figures 10 and 12d , we can conclude that the largest virtual cathode size occurs in the vicinity of 450-600, depending on the strength of the stimulus.
Ideally, a larger number of closely spaced bipoles would allow simultaneous measurement of the virtual cathode radius at 150 angular increments.
Comparison of Length Constants
In our virtual cathode experiments, currents well above threshold were applied extracellularly, and the propagation of the action potential rather than direct measurement of the electrotonic potentials was used to determine a length constant. The agreement of our data with both the simple cable equations (Figure 9 ) and the nominal-anisotropy bidomain model (Figure 12 ) suggests that the virtual cathode effect arises from the cablelike properties of cardiac tissue, as we expected. However, the interpretation of the cable parameters A and ,3 and comparison of these with those measured by conventional techniques26-32 is difficult because the two types of measurements are made under entirely different conditions. The majority of conventional cable measurements are made on quiescent fibers, often with hyperpolarizing pulses. The electrical parameters so derived may not be appropriate for tissue that is actively propagating an action potential. As shown by Pressler,33 the unidirectional space constant, input resistance, and membrane time constant for Purkinje fibers were significantly larger for a quiescent fiber than for a repetitively stimulated fiber that is examined in its diastolic phase. He also indicated that measurement of passive electrical properties during cellular activity have several theoretical limitations, including longitudinal and time-dependent voltage gradients. Our measurements of the virtual cathode effect clearly involve the initiation of a propagating impulse and hence may reflect a length constant that is affected by factors not present during the application of a hyperpolarizing pulse to a quiescent fiber. This may explain the fact that the length constant we measure in the direction of fastest conduction is shorter than in the transverse direction, whereas the opposite is the case for nonstimulating measurement techniques. 4'26'34,35 The effect of the active membrane response on the observed length constants was also examined by Roberge et al. 36 They used a nonlinear, numerical model to demonstrate that the subthreshold response of an active cable to a rectangular pulse applied at a point differs significantly from the response of a passive cable, with the attenuation of the electrotonic response with distance being much more rapid in the passive cable. They concluded that for active cables, the magnitude and spatial extent of the electrotonic events near threshold cannot be explained solely in terms of linear cable theory. They also pointed out that it may be valid to use a one-dimensional cable to interpret a three-dimensional system, since the more rapid falloff of transmembrane potential associated with a linear, three-dimensional cable ( Equation 6) as compared with the one-dimensional cable (Equation 2) will be more than compensated for by the available regenerative Na+ current. If the stimulus maintains a region of tissue depolarized near threshold for any length of time, active sodium influx will dramatically alter the voltage profile from that obtained in a passive cable calculation (J.P. Wikswo Jr., J.P. Barach, unpublished results, 1988 ).
Implications of the Virtual Cathode Shape on the Propagation ofActivation
Given that the dog-bone shape of the virtual cathode is real, we can then inquire how this affects the propagation of cardiac activation. Activation of longitudinal sites by wave fronts converging from the adjacent 450 edges of the virtual cathode is a likely explanation of the unusually shaped electrograms in Figure 5 . The fact that the 5 mA electrogram was monophasic at 4.5 mm (Figure 5a , dotted line), while it was biphasic at 6 mm ( Figure 5b , dotted line) suggests that this convergence occurred between 4.5 and 6 mm. When the stimulus was increased to 10 mA, the electrogram at 4.5 mm was distorted ( Figure  Sa, solid line) , while that at 6 mm was nearly normal (Figure 5b , solid line), suggesting that with stronger stimuli, the region where anomalous conduction occurred had moved inward.
The discontinuous propagation suggested by Figure  6 may be related to the discontinuous propagation documented by Spach et al,3738 but the 1.5-4.5-mm distances over which we made our measurements and the size of our present electrodes precludes a more definitive identification of the source of the discontinuities that we observed.
In Figure 9 , we showed that the conduction velocity in the longitudinal direction increased slightly with stimulus current. The bidomain calculations predicted that, as a result of the unequal anisotropy ratios, there would be a small region along the longitudinal axis for which a cathodal stimulus would produce hyperpolarization,13 shown by the dashed contours in Figures 12b and 12c . While we have yet to obtain independent confirmation of the existence or extent of this hyperpolarization, it is possible that the waveforms in Figure 5 and the dependence of longitudinal conduction velocity on stimulus current could be the result of propagation of activation through a slightly hyperpolarized region. As the stimulus strength was increased, this region would be expected to become larger, extending both further inward and further outward. Additional studies will be required to determine whether such hyperpolarization would effectively create a "barrier" to propagation in the longitudinal direction, perhaps even establishing the substrate for reentry with the application of high current strengths.
An alternative explanation for the dependence on stimulus strength of the conduction velocity along the axis is that the concavity of the virtual cathode about 00 led to a transient concavity of the propagating depolarization wavefront. This concavity could be expected to increase the propagation velocity over that expected for a planar wavefront moving at the same angle.39-42 As stimulus current was increased from 1 to 7 mA, the concavity increased and may have resulted in a corresponding increase in the 00 conduction velocity.
We have assumed in our least-squares fit that the depolarization wavefront propagated with a constant velocity after activation at the edge of the virtual cathode. For low stimulus strengths, some latency was certainly present in these experiments (e.g., Figures  8a-8c) and, in fact, led to the clearly untenable result of a negative virtual cathode size. Hence, particularly with stimuli delivered around threshold, the assumption of a constant conduction velocity may contribute an experimental error to these results. Based on the high correlation coefficients obtained in the least-squares fit and the agreement of the disappearance of the propagating electrograms at the edge of the virtual cathode, we do not think this was a significant problem at the scale of the present measurements. As we discussed above, we might expect that the local conduction velocity was affected by the radius of curvature of the activation wavefront. In the transverse direction, this radius was large, and transverse propagation might be a close approximation to that of a straight wavefront for propagation over the entire range covered by the electrode. In contrast, for angles within 450 of the fiber axis, the wavefront was sharply curved, with a local curvature that decreased as the wavefront expanded. An even more closely spaced electrode array would be required to determine whether the conduction velocity changes significantly within the first millimeter of wavefront propagation,7,36,43 but this presents a number of practical problems. These effects might also be examined using a nonlinear mathematical model1436 but expanded to two or three dimensions.21 '43-46 Long-range Effects As Seen in Propagating Action Potentials The phenomena we have described were observed within 4 mm of the stimulus electrode. However, the effects of the irregular virtual cathode shape can apparently be seen at greater distances. Witkowski and Penkoske47 have reported measurements of the shape of epicardial isochrones resulting from a point stimulus by using a rectilinear electrode array with more recording sites but with larger interelectrode spacing. Their data, as well as that of Roberts et al, 7 demonstrated that the eccentricity of the activation wavefront increases for the first several milliseconds after stimulation. Figure 13 demonstrates similar effects in our data. For all four stimulus currents, the late isochrones were elliptical, as would be expected given the anisotropy in conduction velocity. However, at the highest currents, the early isochrones exhibit the dog-bone shape that would be expected for propagation away from a similarly shaped virtual cathode. With increasing time, these early isochrones evolve smoothly into an elliptical shape, with the long axes of the ellipsoid oriented along the axes of rapid propagation. The differences between the angular dependence of the virtual cathode and the subsequent free propagation indicate that the mechanisms governing how tissue is brought to threshold by a point stimulus are different from those responsible for subsequent propagation. Figure 13 also provides corroborating evidence regarding the validity of our least-squares fit to determine the size of the virtual cathode. The plots shown in Figure 10 indicate the shape of the virtual cathode at the time of stimulation and are determined only after significant data analysis that includes back-extrapolation to the end of the stimulus and an assumption that there is no activation latency after the end of the stimulus. The isochrones in Figure 13 were obtained simply by linear interpolation of the peak times as shown in Figure 7 , in that the least-squares conduction velocity along a particular direction for the current shown was used to determine the location of the depolarization wavefront each millisecond. Both analysis techniques demonstrate the existence of the dog-bone shape.
The dog-bone shape is readily apparent only when the stimulus strength is two or three times the threshold value, and the isochrones of the propagating wavefront are nonelliptical only for the first millisecond or two, when the activation has yet to propagate more than 1 or 2 mm from the stimulus site. Because A transversely oriented dog-bone shape is also apparent in the repolarization map data presented by Osaka et al. 48 It was stated that the transverse orientation of the repolarization isochrones resulted from the repolarization process proceeding more rapidly in the transverse direction than in the longitudinal one. No explanation was offered for the dog-bone shape evident in their 370-msec isochrone.
Implications for Measurements of Conduction Velocities
Our study also provides some guidance on the measurement of conduction velocities. The measurement of propagation times between two separate bipolar recording electrodes will minimize both virtual cathode and latency effects. In our earlier experiments,1 we found that a concentric bipolar stimulating electrode can reduce the size of the virtual cathode to less than 0.2 mm. If it is not possible to use a bipolar stimulating electrode, latency effects will be small for currents greater than 2-3 mA, for which the virtual cathode will have a radius of 1-3 mm. In this case, the proximal bipole of a pair of bipoles used to determine conduction velocities should be no less than 3 mm from the stimulating electrode.
Liminal Length
The relation between the virtual cathode and the liminal length49-51 is complex and is discussed in more detail by Wikswo and Barach (unpublished results, 1988 Thus, further evaluation of the determinants of the virtual cathode are desirable from both the theoretical and practical points of view.
